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Effects of Intercrystal Crosstalk on Multielement
LSO/APD PET Detectors

Paul VaskaMember, IEEESean P. Stoll, Craig. L. Woodember, IEEEDavid J. Schlyer, and Sepideh Shokouhi

Abstract—One of the most promising high resolution positron from Compton scattering from one crystal to another [7], [8]
emission tomography detector designs comprises an array of or possibly the escape of the photoelectron from the primary

small, optically isolated scintillator crystals each coupled to an ; ; ; e .
independent photosensor. such as an avalanche photodiode (APD) crystal following photoelectric absorption. In addition, for prac

However, crosstalk between crystals (due to Compton scatter, 'tica_l reasons, optical isolation of the scintillation photons within
photoelectron escape, or incomplete optical isolation) can signifi- & Single crystal is never absolute. Each of these effects can be
cantly degrade performance and is expected to increase as crystalsexpected to increase as crystal size is reduced in an effort to
become narrower to improve spatial resolution. Various measures achieve higher spatial resolution [9].

of crosstalk have been determined for different configurations of ; ; ; o
4 x 8 blocks of 2 mmx 2 mm lutetium oxyorthosilicate (LSO) fi Th? d?r?rede O.f Crofs;calr ha}[S pglrtlr:ulflrly_lm[taortan(; Imtptl;]ca
crystals coupled to matched Hamamatsu APD arrays. Results lons for the design orthe iron -er_1 electronics orer_;l ou - e_se
indicate that ignoring crosstalk signals could lead to av 30% loss  blocks. If all of the gamma-ray signal can be contained within
in coincidence sensitivity for a tomograph using these detectors one crystal, theoretically there is no need for energy digitization
and a decrease in energy resolution of- 2 percentage points. since an energy window can be enforced via simple discrimi-
Spatial and time resolution would not be significantly affected 510y thresholds for each crystal. This would be highly desirable
with most practical front-end architectures. - -

as it would help offset the added complexity and power con-

Index Terms—Biomedical nuclear imaging, gamma-ray detec- sumption introduced by the large number of electronics chan-

tors, optical crosstalk, positron emission tomography (PET), scin- e\ required (one per crystal). On the other hand, if crosstalk is
tillation detectors. L . . - "

significant, the signals from neighboring crystals might need to

be accounted for, requiring an energy-measuring ADC for each

|. INTRODUCTION crystal.

NE OF THE most promising high resolution positron In order to evaluate the practical effects of crosstalk, a method
O emission tomography (PET) detector designs Compristgscorrect for it should be defined, so that detector performance
an array of small optically isolated scintillator crystals eacWIth and WIthOU.t t.h.e correction can be cor_npared. In this work,
coupled to an independent photosensor, such as an avalar]igﬁ .eneral'deflnltlon of crosstalk correction is the use of j[he
photodiode (APD) [1]-[3] or one channel of a multichanne? itional signals from crystals near the crystal of interaction
photomultiplier tube (MC-PMT) [4]. Examples of these© improve the detector performance. The most straightforward
components are shown in Fig. 1 Cﬁrrent commercial bloapeciﬁc way to correct for crosstalk is to attempt to recover, or
detectors, on the other hand, typically utilize a multiplexertfconStrUCt’ the true mudept gamma-ray energy t_)y summing
readout scheme which relies on light-sharing among a sm |gnals from aII_ crystal; adjacent to the crystal of mteracthn.
number of photomultiplier tube (PMT) channels. However, e'crystal .Of mteraphon can be defmed'as Fhe F:rystal with
this produces overlapping peaks in a position histogram of t Ximum S|gnal,_whlch IS a good appr_ommatlon in terms of
block, limiting the potential spatial resolution [5]. Another"® resulting spatial feso'.““"” [8]. This 1S the crosstalk correc-
disadvantage compared to the independent-readout block g%n approach used n this V\{ork. Includllng more crystals thgn
tector is increased pulse pileup at high count rates. A particuPa Jacent ”e"?“eSt ne|ghbor§ in the sum is unlikely to be an im-
advantage of APDs is their extremely compact size whidjovement since crosstalk is mostly a local effect and the distant

opens up new potential PET applications such as a miniaturiz%QfStalSdno_t mvloI:/hed n tf;e etz_velzlntr\]/vogld mosttly addfnmseﬁto ;he
tomograph for brain studies in conscious rodents [6]. summed signal, thus potentially having a net negative eftect on

However, a new issue arises with independent-readout crysqg ray resolgnon. . . .
arrays: how to handle crosstalk between crystals, defined her ne benefit of this crosstalk correction met_h_oq would be in-
as when a single incident gamma ray causes signals in m&;gased photopeak eventacceptance,orseq3|t|V|ty. For examp!e,
than one readout channel. Crosstalk can reduce spatial, ene@gamma-ray undergoes Compton scatter in one crystal and is
all

and time resolution, all of which are important for PET. It arise N absorbEd In its ne_lghbor, the signal from ea_ch crystal might
below its energy window, but the summed signal would be

within the photopeak window, resulting in the acceptance of a

useful event. Thus, one way to evaluate the tradeoffs between
Manuscript received December 2, 2002. This work was supported by the Uedectronics architectures with and without ADCs is in terms of
Department of Energy (OBER) under Prime Contract DE-AC02-98CH1088€3ensitivity_ Assuming a constant energy window for the events

The authors are with Brookhaven National Laboratory, Upton, NY 1197 L . . L p
USA (e-mail: vaska@bnl.gov). 6’Wh|ch implies a similar rejection of object scatter), the photo-
Digital Object Identifier 10.1109/TNS.2003.812452 peak event acceptance rate of a crystal should be higher when
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events are reconstructed this way using energy digitization co
pared to the simple per-crystal threshold case because cross
events may fall below the energy window until they are reco
structed. The difference in sensitivity is one measure of the i
pact of crosstalk on this front-end design choice.

Other effects of crosstalk correction must also be address
With regard to energy resolution, summing will of course i
crease the photopeak signal, but also the noise levels, so the
effect must be evaluated. Spatial resolution, on the other hanc
not expected to be significantly affected unless crosstalk lev
are unexpectedly large. Previous work [8] suggests that for t
type of detector, incorporation of signals from neighboring cry
tals has a negligible effect on spatial resolution. Finally, ti
resolution would not be affected by implementing crosstalk cor-
rection. Timing would still be determined from a single chann@lg. 1. CTI (left) and Proteus (right) LSO arrays with matching Hamamatsu
only, because itis very sensitive to noise, and summing channgi§50 APD array (center).
before the timing discriminator would almost certainly degrade

the resolution. together and then required to be in coincidence with the same
signal from the opposing block. For these measurements, the co-
Il. MATERIALS AND METHODS incidence requirement serves only to eliminate the natural back-

The present work explores the consequences of intercryﬁé‘l’u”d activity from the LSO. The trigger initiates integration
crosstalk using 4 8 arrays of lutetium oxyorthosilicate (LSO)Of all crystals whenever at least one crystal from each block ex-
crystals with 2 mmx 2 mm cross section. The LSO array iceeds its threshold of 200 keV. Control of the acquisition
coupled via a thin UV-transparent silicone wafer to a geometfiyStem Is \/_|52;\2Kmaxl_\|T softwafgunning on a PC. _
cally matched 4< 8 APD array (S8550 from Hamamatsu Pho- A 1.5 uCi ““Na point source was centered between two iden-

tonics, Japan) [3], [6]. Two different crystal configurations werkc@l blocks~ 6 cm apart and more than 300 000 coincidence
studied, as shown in Fig. 1. events were collected. The listmode event stream was processed

The first type is from CTI, In¢. The block is approximately offline using two different schemes simulating system architec-

8.5 mm thick and has a diffuse surface finish. The crystals {{rés With and without energy digitization. Both schemes pro-

this array are actually not completely independent. Starting frd#{C€ &n energy spectrum for each crystal by incrementing, for
a solid block, cuts are made 90% through, leaving~ 10% each event, only the spectrum of the crystal with the highest

unsegmented for mechanical integrity. The block is wrapped §#gna! in the block. _ ,

teflon tape followed by a mirror foil, and the spaces between ' "€ first scheme uses no crosstalk correction, which rep-

crystals filled with a reflective SiQpowder. resents the case if energy digitization were not available. The
The other type of crystal array is manufactured by Prote &1€rgy spectrum for each crystal uses only the data from

Inc2 with a 10 mm thickness and specular surface finish. THBat crystal. Each spectrum was analyzed for centroid of the
reflector is radiant mirror film from 3 M. The construction Photopeak, percentage full-width at half-maximum (FWHM)

begins with a solid LSO block which is first cut parallel tg€Solution, and counts within a 400-700 keV energy window.

the short side into eight approximately square slabs and po[!€ Photopeak position for each crystal was used to create a set
ished to a specular finish. Reflector sheets are inserted betw8Egain-matching factors which were applied when processing
slabs and the block glued back together. Then the block is 4} data in the second scheme.

along the long dimension, polished, and reassembled with thel Ne second scheme takes advantage of the energy digitization

remaining reflectors glued in. Note that this results in conti?y Summing the signals from adjacent channels to recover

uous reflector sheets in the long direction and small piecesGFPsstalk events which may have fallen below the per-element
the short direction. energy window. The same event stream was processed again to

The APDs are operated at a bias voltage-c370 V, which  create another_energy spectrum for each char_mel, this time using
produces a stable gain ef 50. Each of the 32 anode signaléhe sum of (gain-matched) signals from all nelghbor.mg crystals
are routed through a preamp and 70 ns shaping amplifierffréconstruct the total event energy (4-9 crystals in each sum
a signal splitter. One output of the splitter is used for ener@FPending on location in the block). Again, the FWHM energy
measurement, feeding directly into a LeCroy 4300 FERA/ECESOlution and counts in the same 400-700 keV window were
charge-integrating ADC. The other output is used for triggerifgcorded. In addition, the signal-weighted position centroid of
the data acquisition system; each channel is routed to a LeCfsifFh €vent was incremented into a two-dimensional *flood

3420 CFD (40 ns delay, 0.33 fraction) whose outputs are OR[ptogram to observe the effect of crosstalk on a centroid
positioning scheme.

An additional measurement was made of the absolute
IKnoxville, TN, USA. light output of the individual CTl and Proteus crystals (with
2Chagrin Falls, OH, USA.
3St. Paul, MN, USA. 4Sparrow Corp., Starkville, MS, USA.
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magnitude after correction)
(%)
increase in coincidence 33.7 25.1 s .
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(%) L] | ] -
FWHM energy resolution 22.0/20.0 | 17.2/18.1 . . . .
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light output (primary APD 3020 1750 . - : .
photoelectrons/MeV)

no crosstalk correction). This was done by measuring the
photopeak positions for each crystal using the same APD and . - g .
electronics setup for each block. These values were first con-
verted to the number of electrons at the input to the electronics
using calibration factors determined from the injection of a

known charge into each channel. This was then convertedrig 4. Flood histogram of CTI detector using signals from adjacent crystals in
the number of primary photoelectrons in the APD by dividing centroid positioning method. The left image is scaled to the maximum pixel,

. nd the right image is purposely saturated to show the weak structures between
by the measured APD gain. pixels. 9 ge 15 prposely

Ill. RESULTS The second row of Table | shows the predicted increase in co-
incidence sensitivity as a result of crosstalk correction. It is the

Fig. 2 depicts the distribution of crosstalk signals for a s%- uare of the average sensitivity increase from one block. The

lected crystal n the Pro@eus_, array. A quantitative MEASUTE O 11ock has somewhat more to gain from crosstalk correction
crosstalk is the increase in signal produced by crosstalk corree

. . . : : an does the Proteus block. The last row shows that the CTI
tion (the mclusu_)n of signals from ad!gcent crystals). The @iock has~ 1.7 times the light output of the Proteus block.
erage increase in the photopeak position for the two blocks 'SFig. 4 is a “flood” histogram of event positions for the CTI

shown in the first row of Table I. block detector using a simple signal-weighted centroid posi-
An example of the effect on the energy spectrum of a selectteg 9 P 9 9 P

crystal from the CTI block is shown in Fig. 3. The spectru ioning scheme of nearest neighbors. The image on the right
: . . as an oversaturated gray scale to reveal the weak structures be-
with correction (dashed) has been compressed to align the

. L ; een crystals, at less than 3% of the peak intensities. Fig. 5 is
peaks so that the resolution and sensitivity can be direc .
g same except that the block is exposed to gamma-rays from
e

compared. Note the larger number of counts above threshﬁ1 right side
and the improved resolution at FWHM in the corrected case. '
The average energy resolutions before and after crosstalk
correction are shown in the third row of Table I. The CTI array

shows an improvement with crosstalk correction, while the The similar thickness of the CTI and Proteus blocks implies
Proteus block degrades slightly. a similar contribution to the crosstalk from gamma-ray and

IV. DISCUSSION
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on the interaction location. The observed slight degradation in
resolution might be due to the added noise from summing mul-
tiple electronics channels.

A similar argument can be made for the sensitivity. Since dif-
ferences between the blocks are mostly optical, the larger im-
provement in sensitivity from the crosstalk correction in the CTI
block implies that the correction is recovering more events from
locations which produce relatively low light output in the crystal
of interaction. Again, these locations are likely near the contin-
uous front face.

The flood histograms of Figs. 4 and 5 also provide infor-
mation about the crosstalk. While the peak corresponding to
a given crystal is slightly blurred, there is very little overlap
between crystals, suggesting a negligible difference in spatial
resolution between the two schemes, as expected. More com-
Fig.5. Flood histogram ofProteusblockexposedto511-keVphotonsfromtpﬁcated crosstalk correction schemes which might improve
right side, with maximum of gray scale reduced to show intercrystal structur%cpatial resolution have been proposed, such as those which

attempt to correctly position Compton-scattered events at the

photoelectron scattering. This is because these effects are diystal-of-first-interaction by modeling the Compton kine-
a function of the type of scintillator and its geometry. Thus th@atics [10], [11]. However, optical crosstalk must be carefully
larger crosstalk in the Proteus block from Table | is most likeljpodeled, and in any case, simulations [8] suggest that there is
optical in origin, i.e., due to the escape of scintillation photori¥t much room for improvement in this regard.
from the primary crystal. This is supported by the distribution In the saturated grayscale images, note the weak “con-
of crosstalk in the Proteus block, shown in Fig. 2, in that thefect-the-dot” ridge structures which appear at less than 3% of
is less crosstalk between crystals separated by a continuiigsintensity of the peaks and have been observed earlier with
reflector sheet (along the long axis), than between cryst@ssimilar detector which uses a position-sensitive PMT instead
separated by the narrow, cut reflector strips running along thg APDs [12]. They are consistent with Compton scatter or
short axis. photoelectron penetration between adjacent crystals, because
At first glance, the measurements might seem contradictoy.ridge is formed when only two neighboring crystals have
The Proteus array has more crosstalk on average, but less to gégnificant signals in an event, and the ratios of the two signals
from the correction in terms of sensitivity or resolution. The CTvaries from event to event. While optical crosstalk might
block has much higher light output, but lower energy resolutioproduce some structure between specific neighbors (due to an
However, a consistent explanation can be made as follows. imperfect reflector between them, for example) it is difficult to
The first observation is that the high light output and poorémagine how it would produce such a symmetric pattern with
energy resolution of the CTI block strongly suggests that tt@dl neighbors.
resolution is not dominated by photoelectron statistics. A roughFurthermore, Fig. 5 suggests that these events are largely
estimate of the contribution from statistical noise is the recig-ompton scatter. The gamma rays are moving to the left in the
rocal of the square root of the minimum number of charge cdigure, and the ridge structures appear to extend mainly to the
riers (photoelectrons in this case). Indeed, this would be orfight of the crystal centers. This is consistent with Compton
6.0% FWHM for the CTI block and 7.9% for the Proteus blockscatter in which the scattered gamma ray preferentially scatters
a small difference in a quadrature sum equal to a total resolutidnthe direction of the incident gamma ray, depositing a rela-
of ~ 20%. tively smaller amount of energy in the crystal of first interac-
Thus, based on the above observations, differences betw#en. If the scattered gamma ray is then absorbed in an adjacent
the blocks are mostly optical, but not affected much by diffeerystal (preferentially to the left), the event will be positioned
ences in average light output. This leaves few plausible explag#pser to the second (left) crystal because a larger fraction of the
tions for the measured differences in energy resolution; the mesergy is deposited there. Hence, a ridge extending to the right
obvious is that light collection efficiency varies depending off a crystal center in reality mostly contains events which first
the location of the gamma-ray interaction. Similarly, thenge interacted in a crystal to the right, specifically the one pointed
in energy resolution of a given block due to crosstalk correctid@ by the ridge. This is a demonstration of the effect modeled by
should have a similar cause. The CTI block showed a mod#3¢ Compton kinematic algorithms mentioned above.
improvement in resolution with crosstalk correction, evidently
because the correction reduced the position dependence of the
total light output. This would be consistent with the CTI de-
sign which has a continuous (and thus optically leaky) portion The results indicate that crosstalk has a measurable impact
at the gamma-ray entrance surface. On the other hand, the lankhe performance of these detector blocks and suggests that
of improvement from crosstalk correction in the Proteus bloakosstalk correction (which requires energy digitization for each
suggests that the added signal does not improve the positionchystal) would provide a significant benefit in sensitivity and
pendence, or conversely, that the light leakage is not dependeotientially energy resolution as well. Spatial resolution would
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be similar for the two schemes, although more sophisticated3] B. J. Pichler, F. Bernecker, G. Boning, M. Rafecas, W. Pimpl, M.
methods might improve it somewnhat. Schwaiger, E. Lorenz, and S. I. Ziegler, “A 32-Channel LSO matrix
. . . . coupled to a monolithic 4« 8 APD array for high resolution PET,”
Although the Proteus design is not as light-tight on the Proc. 2000 IEEE Medical Imaging Cop000.
average as the CTI design, the degree of crosstalk is les§ S.R. Cherry, Y. Shao, S. Siegel, R. W. Silverman, E. Mumcuoglu, K.
dependent on event position resulting in better energy Meadors, and M. E. Phelps, “Optical fiber readout of scintillator arrays

uti dl d f talk ti h using a multi-channel PMT: A high resolution PET detector for animal
resolution and less need 1or crosstalk correction approachnes. imaging,” IEEE Trans. Nucl. Scivol. 43, pp. 1932-1937, 1996.

Depending on the constraints of the electronics design for[s] Y. C. Tai, A. Chatziioannou, S. Siegel, J. Young, D. Newport, R. N.

a partlcular appllcatlon, the SenSItIVIty |OSS from forgOIng a Goble, R. E. Nutt, and S. R. Cherry, “Performance evaluation of the

. . . microPET P4: A PET system dedicated to animal imagiRipys. Med.
system design with crosstalk correction may be tolerable. The  gjg| "vol. 46, pp. 1845z1862 2001 oiRRy

lower average light output of the Proteus block, however, may[6] P. Vaska, D. J. Schlyer, C. L. Woody, S. P. Stoll, V. Radeka, and N.
limit the achievable time resolution and places higher demands Volkow, “Imaging the unanesthetized rat brain with PET: A feasibility

. £ in th d | . study,” 2001 IEEE NSS/MIC Conf. Reeol. M9A-8, 2001.
on noise performance in the readout electronics. [7] Y.Shao, S. R. Cherry, S. Siegel, and R. W. Silverman, “A study of inter-

crystal scatter in small scintillator arrays designed for high resolution
PET imaging,”IEEE Trans. Nucl. Scivol. 43, pp. 1938-1944, 1996.
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